INTRODUCTION
PARs (proteinase-activated receptors), a family of G-proteincoupled receptors, are activated by proteolytic cleavage of their N-termini by serine proteinases, such as thrombin, trypsin or tryptase. Thus a new N-terminus is unmasked acting as a tethered ligand which can interact with the second extracellular loop of the receptor and thereby initiate multiple signal transductions [1, 2] . Four members (PAR-1, -2, -3 and -4) of the PAR family have been identified. PAR-1, PAR-3 and PAR-4 are thrombin receptors. Thrombin, which has been reported to be significantly increased in the brain as a result of the infusion of the bloodstream through the disrupted blood-brain barrier and, under certain pathophysiological conditions, is produced locally in the central nervous system [3] [4] [5] , protects neurons and astrocytes from cell death mainly via activating PAR-1 [6, 7] . Although trypsin is a main physiological agonist of PAR-2, it is not present in brain. On the other hand, mast-cell tryptase and p22 both have been identified as two potential candidates for neural PAR-2 activation [8, 9] . So far, PAR-2 activation has received great attention for its functional significance in the context of inflammation. Our recent results [10] have demonstrated that PAR-1 activation regulated the release of the chemokine GRO (growth-regulated oncogene)/ CINC-1 (cytokine-induced neutrophil chemoattractant-1), which is a rat chemokine with structural and functional homology to human IL8 (interleukin-8). Further, previous data from our laboratory have shown that all four types of PARs are functionally expressed in astrocytes [11] . However, the role of the three other PARs on chemokine GRO/CINC-1 secretion remains unknown.
JNK (c-Jun N-terminal kinase), an important subfamily of the MAPK (mitogen-activated protein kinase) superfamily, plays a pivotal role in the process of PAR-1-induced release of the chemokine GRO/CINC-1 [10] . Three JNK isoforms encoded by different genes have been identified. JNK1 and JNK2 are ubiquitously expressed in most tissues, whereas JNK3 is expressed selectively in the nervous system and displays low levels of expression in heart and testis [12, 13] . These JNKs have two or four sub-isoforms resulting from alternative splicing [13] . It has been shown that JNKs are involved in numerous physiological or pathological processes, including proliferation [14, 15] , differentiation [16] [17] [18] and cell death [19] [20] [21] .
Increasing evidence shows that distinct JNK isoforms might have identical or completely different functions, depending on the physiological or pathological context. JNK2 has been identified as the main contributor for c-Jun activation induced by lipopolysaccharide in microglia with pro-inflammatory actions [22] . Moreover, JNK2 can mediate tumour necrosis factor-induced cell death in mouse embryonic fibroblasts [23] . However, there is also evidence that JNK1, but not JNK2, which is activated by tumour necrosis factor α and UV light, is required for c-Jun activation and apoptosis in mouse fibroblasts [24] . JNK3 appears to have an important role for ischaemic apoptosis [25] . Transgenic knockouts reveal that single knockouts of jnk1, jnk2 or jnk3 and double mutants of jnk1/jnk3 or jnk2/jnk3 do not show clear structural abnormalities. However, the double knockout of jnk1/jnk2 leads to embryonic lethality [26] . Therefore until now the precise roles of each JNK isoform still remain largely unknown. Our recent data have identified the involvement of JNK in PAR-1-induced GRO/CINC-1 secretion, but it is not known which JNK isoforms play critical roles in this process.
In the present study, we show that activation of both PAR-1 and PAR-2 increased chemokine GRO/CINC-1 release from astrocytes. However, neither PAR-3 nor PAR-4 activation could mediate GRO/CINC-1 secretion. We demonstrate that the three JNK isoforms clearly differentially mediate PAR-1-and PAR-2-induced GRO/CINC-1 release. Moreover, we show here that activation of both PAR-1 and PAR-2 rescued cells from C 2 -ceramide-induced apoptosis through the regulation of GRO/CINC-1 secretion. These findings provide important implications for understanding the biological functions of individual JNK isoforms and the protective roles of PARs in brain.
EXPERIMENTAL

Materials
The synthetic TRag (thrombin receptor agonist peptide; AlapFluoro-Phe-Arg-Cha-HomoArg-Tyr-NH 2 ), rat PAR-2AP (PAR-2 activating peptide; Ser-Leu-Ile-Gly-Arg-Leu) and mouse PAR-4AP (Gly-Tyr-Pro-Gly-Lys-Phe) were purchased from NeoMPS SA (Strasbourg, France). Human PAR-3AP (Thr-PheArg-Gly-Ala-Pro) was from Bachem (Heidelberg, Germany). PTX (pertussis toxin), SP600125, wortmannin, GF109203X, U0126, SB203580 and C 2 -ceramide were purchased from Calbiochem (La Jolla, CA, U.S.A.). Rat GRO/CINC-1 ELISA kit was purchased from GE Healthcare (Freiburg, Germany). Nonradioactive SAPK (stress-activated protein kinase)/JNK assay kit, anti-[phospho-JNK (Thr 183 /Tyr 185 )], anti-JNK, anti-[phospho-cJun (Ser 63 )] and anti-c-Jun antibodies were from Cell Signaling Technology (Beverly, MA, U.S.A.). Anti-JNK1 (F-3) and anti-JNK2 (D-2) antibodies were from Santa Cruz Biotechnology (Heidelberg, Germany). Anti-JNK3/SAPK1b (clone C05T) antibody was obtained from Upstate (Charlottesville, VA, U.S.A.). Monoclonal anti-β-tubulin I (clone SAP.4G5) antibody was from Sigma (Deisenhofen, Germany). Cytochrome c Ab-2 (clone 7H8.2C12), horseradish peroxidase-conjugated goat anti-rabbit IgG and goat anti-mouse antibodies were from Dianova (Hamburg, Germany). DMEM (Dulbecco's modified Eagle's medium), foetal calf serum, penicillin and streptomycin were from Biochrom (Berlin, Germany). SB-332235 was generously provided by Dr H. Sarau (GlaxoSmithKline, King of Prussia, PA, U.S.A.).
Cell culture
Primary astrocyte-enriched cell cultures were obtained from newborn rats as reported previously [10] . The cells were cultured in DMEM containing 10 % (v/v) heat-inactivated foetal calf serum, 100 units/ml penicillin and 100 µg/ml streptomycin in a humidified incubator with 10 % CO 2 at 37
• C. The medium was changed every 2-3 days, depending on the cell density. For experiments cells were used between day 10 and 13 in culture.
Semi-quantitative RT (reverse transcriptase)-PCR
Total RNA was extracted and reverse-transcribed. The resulting cDNA was amplified by PCR with different reaction cycles using HotStarTaq TM Master Mix kit (Qiagen) for 15 min at 95 • C, followed by repeated cycles, 30 s at 94
• C, 90 s at 53-60 • C and 60 s at 72
• C, and a final 10 min extension at 72 • C. Specific primers, annealing temperatures, reaction cycles and length of different PCR products for GRO/CINC-1, JNK1, JNK2, JNK3 and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) are shown in Supplementary Table 1 (http://www.BiochemJ.org/bj/401/ bj4010065add.htm) The reaction products were analysed by electrophoresis with 1 % agarose gel containing ethidium bromide, and visualized using the Bio-Rad gel document system. The intensity of PCR products was semi-quantified by Quantity One quantification software (Bio-Rad).
Rat GRO/CINC-1 protein determination
Extracellular GRO/CINC-1 protein was measured using rat GRO/ CINC-1 ELISA kit, according to the manufacturer's protocol. Briefly, serum-starved astrocytes, including normal primary cultured astrocytes and astrocytes which had been transfected with appropriate siRNA (small interfering RNA) for 48 h, were stimulated with TRag, trypsin or PAR-2AP for indicated time intervals (2, 3 or 6 h), and then the supernatant was collected for analysis of GRO/CINC-1 levels. For inhibitor studies, astrocytes were pretreated with the inhibitors, which are indicated in the Results section, for 30 min prior to trypsin or PAR-2AP stimulation. The levels of GRO/CINC-1 were assayed at 450 nm. In addition, cells were lysed for measuring the amount of total cellular protein.
Preparation of whole cell lysate and cell cytosol fraction
Serum-starved astrocytes were treated with agonists or inhibitors at 37
• C as indicated in Results section. After stimulation, cells were washed with ice-cold PBS, then lysed in modified RIPA buffer [50 mM Tris/HCl, pH 7.4, 1 % Igepal, 0.25 % sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM Na 3 VO 4 , 1 mM NaF and a proteinase inhibitor cocktail (Roche Molecular Biochemicals, Mannheim, Germany; one tablet per 50 ml)]. After a brief sonication, the cell lysate was centrifuged at 15 000 g for 15 min at 4
• C. The whole cell lysate was collected from the resulting supernatant. For cytochrome c detection, the cytosol fraction was prepared. Astrocytes were incubated with 20 µM C 2 -ceramide in the absence or presence of PAR-2AP at the indicated concentrations for 7 h, and lysed by 20 strokes of a Dounce homogenizer in hypo-osmotic buffer containing 10 mM Hepes (pH 7.9), 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM dithiothreitol and proteinase inhibitor cocktail. The cell lysate was centrifuged at 50 000 g for 30 min at 4
• C, to remove nuclei, membranes and mitochondria. The cytosol fraction was collected from the supernatant. The protein content of both whole cell lysate and cytosol fraction was determined by the Bradford method [48] using BSA as the standard.
Kinase assays
Serum-starved astrocytes were treated with 10 µM TRag or 500 µM PAR-2AP for the indicated times and then whole cell lysate was harvested as described above. The JNK activity in cell lysates was determined by using non-radioactive kinase assay. Briefly, equal amounts of cell lysates were incubated with GST (glutathione S-transferase)-c-Jun 1−89 fusion protein immobilized on glutathione-agarose beads at 4
• C overnight. After washing, the bound proteins were incubated with the kinase buffer containing ATP (200 µM) for 30 min at 30
• C. Afterwards, the reaction was terminated with sample buffer and the proteins were separated by SDS/10 % PAGE. The JNK activity was determined by Western blotting with the [phospho-c-Jun (Ser 63 )] antibody (provided in the kit).
Western blot
Samples containing equal amounts of protein were separated by SDS/PAGE (10 or 15 % gels), followed by electro-transfer to nitrocellulose membrane. siRNA siRNA against JNK1, JNK2 and JNK3 (siRNAs 1-3) and nonsilencing siRNA labelled with fluorescein as scrambled control were from Qiagen (Heidelberg, Germany). siRNA sequences are provided in Supplementary Table 2 (http://www.BiochemJ.org/ bj/401/bj4010065add.htm). In the present study, we mainly used JNK1 siRNA 1, JNK2 siRNA 1 and JNK3 siRNA 1, unless indicated otherwise. Rat astrocytes seeded on the 6-well or 24-well plate were transfected at 80 % density with siRNA using MATra-A (magnet-assisted transfection for adherent cells) reagent (IBA, Göttingen, Germany) according to the manufacturer's protocol. JNK knockdown was determined by both RT-PCR and Western blotting 48 h after transfection.
LDH (lactate dehydrogenase) release
Serum-starved astrocytes in Phenol Red-free DMEM were treated with C 2 -ceramide in the absence or presence of TRag or PAR-2AP at the indicated concentrations for 7 h. The cell-culture medium of each well was removed for the LDH release assay using a cytotoxicity detection kit, following the manufacturer's protocol. The relative absorbance of all samples was measured at 490 nm. Cells treated with C 2 -ceramide alone were taken as control (100 %). Cytotoxicity was calculated as a relative value normalized with the control group.
Statistical analysis
Statistical evaluation was carried out by Student's t test between two groups and by one-way ANOVA with GraphPrism software within multiple groups. Results are presented as means + − S.E.M. and P < 0.05 was considered significant.
RESULTS
PAR-1 and PAR-2 have similar capacity to up-regulate the chemokine GRO/CINC-1 secretion in astrocytes
Our recent studies have already demonstrated that activation of PAR-1 induced release of the chemokine GRO/CINC-1, a functional counterpart of human IL8, from rat astrocytes [10] . To determine whether activation of the three other PARs affected GRO/ CINC-1 at the mRNA level, we treated serum-starved astrocytes with trypsin, PAR-2AP (SLIGRL), PAR-3AP (TFRGAP) and PAR-4AP (GYPGKF) for 3 h and then extracted the total RNA. As shown by RT-PCR, PAR-2 activation induced by trypsin and PAR-2AP, with increasing concentration, increased the GRO/ CINC-1 mRNA level ( Figure 1A ). However, PAR-3 and PAR-4 activation both failed to up-regulate GRO/CINC-1 mRNA level (results not shown).
On the other hand, the effect of PAR-2 activation on the release of GRO/CINC-1 protein was also investigated. The ELISA results demonstrate that PAR-2AP (500 µM) time-dependently up regulated GRO/CINC-1 release ( Figure 1B ). Moreover, release of GRO/CINC-1 was regulated by both trypsin and PAR-2AP in a concentration-dependent manner ( Figure 1C ). The magnitude of GRO/CINC-1 secretion induced by both PAR-1 and PAR-2 activation were compared here. As Figure 1 (D) shows, PAR-2AP treatment increased GRO/CINC-1 release from astrocytes with levels of approx. 17-23 pg per µg of cellular protein, which was much higher than that found with untreated control cells. Similarly, PAR-1 activation, caused by TRag treatment, also induced comparable amounts of GRO/CINC-1 secretion from astrocytes by approx. 15-25 pg/µg of cellular protein. These results demonstrate that activation of PAR-1 and PAR-2 have similar capacities to increase the release of the chemokine GRO/CINC-1 from astrocytes.
To our surprise, no GRO/CINC-1 was detected after treatment with 50 nM trypsin for 2, 3 or 6 h, although 5 nM trypsin significantly induced GRO/CINC-1 secretion ( Figures 1B and 1C ). It has been established that trypsin cleaves peptides C-terminally to arginine or lysine residues, and prefers glycine or proline residues in the P2 position [27] . Sequence analysis of rat GRO/CINC-1 (accession number: NM_030845) revealed one potential cleavage site for trypsin: Gly 71 -Arg 72 . Thus it is possible that trypsin degrades GRO/CINC-1 by cleaving at position Gly 71 -Arg 72 . To test this, we stimulated cells with 10 µM TRag for 2 h, then further treated the cells with 50 nM trypsin together with TRag for another 1 h. Cells treated with TRag (10 µM) alone for 3 h served as positive control, and cells without any treatment were taken as basal value. As Figure 1 (E) shows, the application of trypsin completely abolished TRag-induced GRO/CINC-1 release, which confirms that trypsin has the capability to degrade GRO/CINC-1. Nevertheless, our results clearly indicate that PAR-2 activation like PAR-1 activation is able to up-regulate GRO/CINC-1 at both mRNA and protein levels.
JNK activation is involved in both PAR-1-and PAR-2-induced GRO/CINC-1 release
Because PAR-1 and PAR-2 activations both resulted in chemokine GRO/CINC-1 release from astrocytes, it is important to study whether the same or different mechanisms are involved in PAR-1-and PAR-2-induced GRO/CINC-1 secretion. PKC (protein kinase C), PI3K (phosphoinositide 3-kinase), MEK (MAPK M. for at least three independent experiments. **P < 0.01, *P < 0.05 as compared with control in (B-E). **P < 0.01 as compared with the cells exposed to TRag alone in (F).
## P < 0.01 as compared with the cells exposed to PAR-2AP alone in (F).
kinase)-1/2, p38 MAPK and JNK activations have been reported to be involved in multiple processes [10, 28, 29] . Therefore here we applied GF109203X (PKC-specific inhibitor), U0126 (MEK-1/2 inhibitor), wortmannin (PI3K inhibitor), SB203580 (p38 MAPK inhibitor) or SP600125 (JNK inhibitor) to astrocytes for 30 min prior to a 3 h PAR-2AP stimulation. For comparison, the same treatments with inhibitors were also performed in parallel prior to PAR-1 stimulation by TRag. As Figure 1 (F) shows, inhibitors for PKC, PI3K, MEK-1/2, p38 MAPK and JNK significantly reduced PAR-1-induced GRO/CINC-1 release. However, PAR-2-induced GRO/CINC-1 release was only abolished by the specific JNK inhibitor SP600125. Inhibitors for PKC, PI3K, MEK-1/2 and p38 MAPK did not significantly affect PAR-2-induced GRO/ CINC-1 release. These results indicate that PAR-1-and PAR-2-induced GRO/CINC-1 releases are apparently mediated by different mechanisms, although JNK seems to be involved in both signalling pathways.
Next, we tested JNK activation with PAR-2 agonist stimulation in astrocytes in order to further confirm that JNK is involved in the PAR-2 signalling pathway. As Figures 2(A) and 2(B) show, both 43 and 46 kDa JNK isoforms were time-dependently phosphorylated by treatment with trypsin (10 nM). It is well known that JNKs splicing at the C-terminus mainly yield proteins of 46 and 54 kDa [30] [31] [32] . However, here we found that the JNK isoform with 54 kDa was not phosphorylated by trypsin treatment. These results are in line with our recent data [10] that showed PAR-1 activation induced by thrombin resulted in phosphorylation of the 43 and 46 kDa JNK isoforms, but not the 54 kDa JNK isoform. Trypsin, one main agonist of PAR-2, has also been reported to activate PAR-1 [1] . To rule out any unspecific proteolytic activity of trypsin and its possible side effect on PAR-1 activation, the specific PAR-2AP was also applied here. PAR-2AP (500 µM) stimulation significantly phosphorylated JNK isoform of 43 kDa, but not 46 kDa, which occurred in a time-dependent manner. The pronounced activation of JNK isoforms induced by PAR-2AP and trypsin were both observed at 10 min. These results suggest that the 43 kDa JNK isoform, but not the 46 kDa isoform, was activated upon PAR-2 activation. Unlike PAR-2AP-induced JNK phosphorylation, the PAR-1-specific peptide TRag activated both 43 and 46 kDa JNK isoforms (Figure 2C ), indicating a difference between PAR-1-and PAR-2-induced JNK activations.
Further experiments demonstrate that both PKC and PI3K inhibition, but not PTX, significantly reduced PAR-1-induced JNK phosphorylation, suggesting that PKC and PI3K are two main upstream activators of PAR-1-induced JNK phosphorylation (Figure 3A) . However, PAR-2-induced JNK activation was apparently not affected by treatment with the PKC inhibitor GF109203X (Figures 3B and 3C) . Application of the PI3K inhibitor wortmannin only partially reduced PAR-2-induced JNK activation (Figures 3B and 3C) , and PTX treatment also slightly reduced PAR-2-induced JNK phosphorylation ( Figures 3B and 3C ). These results suggest that PAR-2-induced JNK activation was partially mediated by PTX-sensitive G-protein and PI3K activation, but apparently independently of PKC activation, indicating that the upstream components of JNK activation induced by PAR-1 and PAR-2 are remarkably different.
PAR-1-and PAR-2-induced JNK activities causing the phosphorylation of the downstream transcription factor c-Jun are different
PAR-1-induced JNK activation has been shown to further phosphorylate c-Jun [10] . However, here we found that JNK activation induced by PAR-2AP failed to activate c-Jun (results not shown). To investigate further whether different JNK isoforms, which have different properties, were activated in the PAR-1 and PAR-2 signalling pathways, we examined and compared the JNK activity by the JNK kinase assay. We stimulated astrocytes for different times varying from 10 min to 2 h. The cell extracts were incubated with c-Jun-GST fusion protein immobilized on glutathione-agarose beads, which were used to pull down the JNK enzyme from cell extracts. Upon addition of kinase buffer and ATP, activated JNK could phosphorylate the substrate c-Jun. The JNK activity was determined by checking c-Jun phosphorylation by immunoblotting. Figure 4 shows TRag-induced JNK activity. PAR-1 activation caused time-dependent phosphorylation of c-Jun. However, PAR-2AP-induced JNK activation was unable to phosphorylate c-Jun. These results indicate that different JNK isoforms with distinct activities are possibly involved in either PAR-1 or PAR-2 signalling pathways. Therefore we next investigated the role of the different JNK isoforms in both PAR-1 and PAR-2 signalling pathways.
Expression and silencing of three JNK isoforms in astrocytes
It is well known that there are three JNK genes (jnk1, jnk2 and jnk3) expressed in different tissues [30] [31] [32] . However, it is still not known whether all three JNK isoforms are expressed in astrocytes. Therefore, before investigating which JNK isoforms were specifically activated in the PAR-1 and PAR-2 signalling pathways, here we first studied the expression of three JNK isoforms in astrocytes. RT-PCR was performed using specific primers designed according to the respective conserved motif for jnk1, jnk2 and jnk3, which could recognize different sub-isoforms of the individual gene but could not cross-recognize isoforms of the two other genes (Supplementary Table 1 ). As shown in Figure 5 (A), all three JNK isoforms were expressed in astrocytes. The PCR products of JNKs were confirmed by DNA sequencing. In addition, all three JNK isoforms were also detected at the protein level in astrocytes ( Figure 5B) .
To investigate the distinct physiological roles of the JNK isoforms, we applied siRNA to knock down the respective JNK isoforms. The specific siRNAs against the JNK isoforms were designed from the respective conserved motif for jnk1, jnk2 and jnk3, which could recognize different sub-isoforms of the respective gene but could not cross-recognize isoforms of the two other genes (Supplementary Table 2) , and primary cultured astrocytes were transfected using magnet-assisted transfection. As Figure 5 (C) shows, JNK1 siRNA 1 significantly knocked down the expression of JNK1 without interfering with JNK2 or JNK3 mRNA expression. Similarly, JNK2 siRNA 1 and JNK3 siRNA 1 also only specifically knocked down their own mRNA expression. The transfection of non-silencing siRNA, which was given as scrambled siRNA control, did not disturb the mRNA expression of any of the three JNK isoforms or the housekeeping gene GAPDH. The effects of JNK siRNA were also studied at the protein level by Western blot. As shown in Figure 5 (D), JNK1 siRNA 1, JNK2 siRNA 1 and JNK3 siRNA 1 concentration-dependently reduced the expression of the respective JNK isoform, without interfering with the expression of the two other JNK isoforms. Scrambled siRNA control also did not affect the expression of the three JNK isoforms, confirming the specificity of the three JNK siRNAs. Similar to JNK1-3 siRNA 1, other JNK siRNAs (including JNK1 siRNA 2, JNK2 siRNA 2-3 and JNK3 siRNA 2-3) targeting the three different JNK isoforms also specifically reduced the respective JNK isoforms at both mRNA and protein levels (see Supplementary Figure 1 at http://www. BiochemJ.org/bj/401/bj4010065add.htm). This further confirmed the specificity of the three JNK siRNAs. Taken together, these results indicate that siRNA for the three JNK isoforms at the indicated concentrations could specifically knock down the respective JNK isoforms at both mRNA and protein levels. 
PAR-1 and PAR-2 activate different JNK isoforms in astrocytes
To investigate which JNK isoforms are involved in the PAR-1 signalling pathway, we examined JNK activation after knocking down certain JNK isoforms by siRNA. Figures 6(A1 and A2) show the PAR-1-specific peptide TRag induced JNK phosphorylation of both the 43 and 46 kDa isoforms. These were apparently impaired in JNK1-deficient cells. Similarly, TRag-induced JNK phosphorylation, especially with the 46 kDa isoform, remarkably was eliminated in both JNK2-deficient and JNK3-deficient cells ( Figures 6B1, 6B2 , 6C1 and 6C2). These results suggest that all three JNK isoforms (JNK1, JNK2 and JNK3) were activated by PAR-1 agonist stimulation.
To further elucidate which JNK isoform was responsible for PAR-1-dependent c-Jun phosphorylation, we compared the TRaginduced c-Jun phosphorylation between WT (wild-type) cells and the JNK isoform-deficient cells. As Figures 7(A1 and A2) show, TRag stimulation (1 h) significantly increased c-Jun phosphorylation in WT cells, which notably was eliminated in JNK1-deficient cells. In JNK2-deficient cells, TRag stimulation was still able to significantly activate c-Jun (Figures 7B1 and 7B2) . However, compared with that in WT cells, TRag-induced c-Jun phosphorylation in JNK2-deficient cells was slightly decreased. Interestingly, c-Jun activation was significantly enhanced even in non-stimulated JNK3-deficient cells compared with that in WT cells (Figures 7C1 and 7C2) . These results suggest that PAR-1-induced JNK1 activation mainly mediated c-Jun phosphorylation, whereas JNK3 was able to negatively regulate c-Jun activation. Similarly, we investigated which JNK isoforms were activated in the PAR-2 signalling pathway by knocking down JNK expression with siRNA. As Figures 8(A1 and A2) show, the 43 kDa JNK isoform was significantly phosphorylated after PAR-2AP treatment for 10 min in WT cells. However, PAR-2AP-induced JNK activation in JNK1-deficient cells was strikingly reduced compared with that in WT cells, although JNKs still can be significantly phosphorylated in these cells. Unlike the role of JNK1 in the PAR-2 signalling pathway, JNK2 knockdown with siRNA did not significantly affect PAR-2AP-induced JNK phosphorylation ( Figures 8B1 and 8B2) . However, JNK3 knockdown partially eliminated PAR-2AP-induced JNK activation ( Figures 8C1 and  8C2) . The reduction was comparable with that in JNK1-deficient cells. Taken together, these results indicate that JNK1 and JNK3, but not JNK2, were involved in the PAR-2 signalling pathway.
Distinct JNK isoforms are essential for PAR-1-and PAR-2-induced physiological responses
Considering that diverse JNK isoforms were activated in both PAR-1 and PAR-2 signalling pathways, as our results above show, here we investigated further the effects of individual JNK isoforms on the chemokine GRO/CINC-1 secretion by knocking down different JNK isoforms. The activation of PAR-1 and PAR-2 both significantly up-regulated the release of the chemokine GRO/ CINC-1 in WT cells as well as in scrambled siRNA-transfected cells (Figure 9) . Importantly, knockdown with JNK1 siRNA 1 did not affect PAR-1-induced GRO/CINC-1 release (Figure 9 ). However, PAR-2-induced GRO/CINC-1 release was greatly reduced in JNK1-deficient cells compared with WT cells. Unlike the stimulation in JNK1-deficient cells, PAR-1-induced GRO/CINC-1 release was apparently eliminated by both JNK2 siRNA 1 and JNK3 siRNA 1. This effect is clearer in JNK2/3-double-deficient cells. However, PAR-2-induced GRO/CINC-1 release was not affected by JNK2 or JNK3 silencing or JNK2/3 double silencing. Similar biological effects were also observed when using other JNK siRNAs (see Supplementary Figure 2 at http://www.BiochemJ.org/bj/401/ bj4010065add.htm). These results demonstrate that PAR-1-induced GRO/CINC-1 release was apparently mediated by JNK2 and JNK3 activation, whereas PAR-1-induced JNK1/c-Jun activation was not essential for the secretion of GRO/CINC-1. In contrast, in the PAR-2 signalling pathway, JNK1 activation mainly contributed to GRO/CINC-1 release.
The chemokine GRO/CINC-1 release could prevent C 2 -ceramide-induced cytochrome c release from mitochondria, and thus rescue astrocytes from cell death, as we have found recently [10] . Importantly, our results further demonstrated that PAR-1 activation by TRag was also able to suppress the release of cytochrome c from mitochondria in a concentration-dependent manner via regulating chemokine GRO/CINC-1 secretion. Therefore, here we investigated whether PAR-2AP could exert an effect similar to that of TRag. PAR-2 activation by PAR-2AP concentration-dependently prevented C 2 -ceramide-induced cytochrome c release from mitochondria ( Figures 10A and 10B) . Furthermore, the protective effect of PAR-2 on suppressing C 2 -ceramide-induced cytochrome c release from mitochondria was remarkably abolished by treatment with the antagonist of the unique GRO/CINC-1 receptor CXCR2 (CXC chemokine receptor 2), SB-332235 ( Figures 10A  and 10B ). These results demonstrate that PAR-2 activation by PAR-2AP likewise prevented cytochrome c release from mitochondria via regulating the secretion of the chemokine GRO/ CINC-1. Astrocytes were transfected with scrambled siRNA (100 nM), JNK1 siRNA 1 (100 nM), JNK2 siRNA 1 (100 nM) or JNK3 siRNA 1(100 nM) respectively for 48 h. Then, transfected and non-transfected cells were stimulated with or without 10 µM TRag or 500 µM PAR-2AP in the serum-free medium for 6 h. The supernatant medium was analysed for GRO/CINC-1 level by ELISA. The amount of GRO/CINC-1 release from non-stimulated cells (including transfected and non-transfected cells) was regarded as baseline (100 %). Results represent the means + − S.E.M. for at least three independent experiments. ***P < 0.001, **P < 0.01, *P < 0.05 as compared with the respective control cells.
### P < 0.001, # P < 0.05 as compared with non-transfected cells exposed to TRag or PAR-2AP alone respectively.
The release of LDH, a stable cytoplasmic enzyme present in all cells, is a well-known cell death marker [33] . Upon damage of the plasma membrane, LDH is rapidly released into the cell-culture supernatant. Here, to investigate and compare the protective effects of PAR-1 and PAR-2 on astrocytes, we stimulated cells with the pro-apoptotic lipid C 2 -ceramide in the presence or absence of TRag or PAR-2AP, and then tested the LDH activity in the culture medium. As Figure 10 (C) shows, C 2 -ceramide treatment significantly increased the LDH release. The increase in LDH release caused by C 2 -ceramide was apparently reduced by both PAR-1 activation by TRag and PAR-2 activation by PAR-2AP (Figure 10C) . The protective capacity of PAR-2 is comparable with that of PAR-1 (Figure 10 C) . These results demonstrate that PAR-2 activation, like PAR-1 activation, is able to protect neural cells from toxic insults by regulating chemokine GRO/CINC-1 release.
DISCUSSION
JNK is a central mediator of PAR-induced chemokine GRO/CINC-1 secretion
In the present study, our results clearly indicate that both PAR-1 and PAR-2 activation, but not PAR-3 or PAR-4, induced the release of the chemokine GRO/CINC-1, a functional counterpart of human IL8, from astrocytes. JNKs play a pivotal role in both PAR-1-and PAR-2-induced GRO/CINC-1 secretion, as seen from our ELISA data ( Figure 1F ) and Western-blot data (Figure 2 ). Pharmacological inhibition of PKC or PI3K not only significantly reduced PAR-1-induced JNK activation ( Figure 3A ), but also remarkably attenuated PAR-1-induced GRO/CINC-1 secretion ( Figure 1F ). These results suggest that PKC-or PI3K-mediated JNK activation mainly contributed to PAR-1-induced GRO/ CINC-1 release. However, PAR-2-mediated JNK activation was not suppressed by the PKC inhibitor, and only partially reduced by the PI3K inhibitor ( Figures 3B and 3C ). This indicates that different upstream activators mediated JNK activation in the PAR-1 and PAR-2 signalling pathways. Importantly, PAR-2-induced GRO/ CINC-1 release, unlike PAR-1-induced GRO/CINC-1 secretion, was independent of both PKC and PI3K activation ( Figure 1F ).
Therefore PI3K-mediated JNK activation should not be essential for PAR-2-induced GRO/CINC-1 release. Furthermore, we show that MEK-1/2 activation, which contributed to PAR-1-induced GRO/CINC-1 release, was also not involved in PAR-2-induced GRO/CINC-1 secretion. Taken together, PKC, PI3K and MEK-1/2 were only involved in PAR-1-induced GRO/CINC-1 release but not PAR-2-induced GRO/CINC-1 secretion (Figure 1F ). This indicates a clear difference between PAR-1 and PAR-2 signalling pathways. Three different JNK genes (jnk1, jnk2 and jnk3) have been identified. Splicing at the C-terminus of the JNK isoforms yields 46-and 54-kDa polypeptides of JNK1, JNK2 and JNK3 [13] . The treatment with the PAR-1-specific agonist TRag could strongly phosphorylate JNK with both 46-and 43-kDa JNK isoforms. However, PAR-2AP could only induce the phosphorylation of the 43-kDa JNK isoform ( Figure 2C ). This indicates another clear difference between the PAR-1 and PAR-2 signalling pathways. Moreover, the JNK activity on c-Jun phosphorylation induced by PAR-1 and PAR-2 activation was completely different (Figure 4) . Therefore our analysis, by comparing the JNK upstream activators, JNK phosphorylation and JNK activity on its downstream transcription factor c-Jun, evidently demonstrates that different JNK isoforms with distinct JNK properties were involved in the PAR-1 and PAR-2 signalling pathways. Next, we analysed whether they might contribute to the chemokine GRO/CINC-1 secretion.
Role of three JNK isoforms in PAR-induced chemokine GRO/CINC-1 release and c-Jun activation
Here, we established that all three JNK isoforms (JNK1, JNK2 and JNK3) were expressed in astrocytes ( Figures 5A and 5B) . It is well known that all three JNK isoforms are able to phosphorylate the transcription factor c-Jun and to play distinct biological functions in different systems [15, [19] [20] [21] 24, [34] [35] [36] . We found that PAR-1 and PAR-2 activations both resulted in JNK1 phosphorylation. In contrast, PAR-2-induced JNK1 activation failed to activate c-Jun (Figure 4 ) and PAR-1-mediated JNK1 activation was mainly responsible for c-Jun phosphorylation ( Figures 7A1 and  7A2 ). Our previous results [10] have shown that c-Jun phosphorylation was not suppressed after blocking the activation of JNK upstream factors, PI3K and PKC, suggesting that PAR-1-mediated JNK1/c-Jun phosphorylation was independent of PI3K and PKC activation. On the other hand, the loss-of-function studies here clearly demonstrate that PAR-1-dependent JNK1 activation was not involved in chemokine GRO/CINC-1 release (Figure 9 ). However, PAR-2-mediated JNK1 activation, which failed to phosphorylate c-Jun, was essential for GRO/CINC-1 release (Figure 9 ). Therefore our results suggest that JNK1 exerted completely different functions in the PAR-1 and PAR-2 signalling pathways. JNK3 was likewise activated by both PAR-1 and PAR-2, but exerted different functions in these two signalling pathways. Here, we show that PAR-1-induced c-Jun phosphorylation was pronouncedly increased in JNK3-deficient cells without TRag stimulation (Figures 7C1 and 7C2 ). This indicates that JNK3 might be a negative regulator for JNK1-mediated c-Jun phosphorylation. We have already seen that PAR-1-induced c-Jun phosphorylation was significantly up-regulated after the pretreatment with the PI3K inhibitor which is a JNK upstream factor [10] . From these data we hypothesize that PI3K is likely to activate JNK3, which further negatively regulates JNK1-induced c-Jun phosphorylation by competing for the common substrate c-Jun.
It has been reported that the inactive JNKs caused degradation of transcription factors such as c-Jun, ATF2 (activating transcription factor 2) and p53 [37] , while phosphorylated JNK stabilized c-Jun in vivo by suppressing multi-ubiquitination process [38] . Therefore our data suggest that JNK3 is likely to have higher affinity to bind to c-Jun and to cause c-Jun degradation at the resting state in our system, so as to keep the levels of c-Jun phosphorylation low. However, in JNK3-deficient cells, JNK1 has higher chances to bind to c-Jun. JNK1 is primarily responsible for the basal JNK activity in brain [25] . Thus, without competition with JNK3, active JNK1 significantly increases the phosphorylation of c-Jun. On the other hand, after stimulation, the active JNKs are expected to have a higher binding affinity for cJun than inactive JNKs. Although PI3K-mediated JNK3 activation is unable to phosphorylate c-Jun, it could compete with JNK1 to bind to c-Jun and negatively regulate JNK1-mediated c-Jun activation. Future studies are needed to test this model.
We show here that PAR-1-induced PI3K/JNK3 activation not only further negatively regulated c-Jun phosphorylation, but also prominently contributed to GRO/CINC-1 release. This finding could contribute to the explanation of the physiological role of the different JNK isoforms (Figure 9 ). However, PAR-2-induced GRO/CINC-1 release was independent of PI3K-mediated JNK3 activation (Figure 9 ), which is consistent with our data that PI3K was not involved in PAR-2-induced GRO/CINC-1 release ( Figure 1F ).
PKC and PI3K were identified as two important upstream factors of JNK activation that are required for the PAR-1-induced release of GRO/CINC-1 [10, 39] . As the discussion above shows, PAR-1-mediated JNK1 activation was independent of PKC and PI3K. Therefore PKC is likely to be the activator of JNK2. Here, the JNK2 isoform has been shown to be activated by only PAR-1 and not by PAR-2 ( Figures 6 and 8) . These results are consistent with our data showing that the JNK2 upstream activator PKC was not involved in the PAR-2 signalling pathway ( Figures 3B and  3C) . Furthermore, loss-of-function studies clearly confirm that PKC/JNK2 activation contributed to PAR-1-induced GRO/CINC-1 release (Figure 9 ). In contrast, JNK2 knockdown apparently did not interfere with the secretion of GRO/CINC-1 induced by PAR-2 ( Figure 9 ), which further supports our data that PKC-mediated JNK2 activation was not involved in the PAR-2 signalling pathway ( Figure 8) .
Taken together the results presented here so far show that activation of PAR-1 and PAR-2 both result in increase of secretion of the chemokine GRO/CINC-1, and JNK is a central mediator for PAR-induced GRO/CINC-1 secretion. The three JNK isoforms function differently and even the same JNK isoform, depending on PAR-1 or PAR-2 activation, can exert different functions. PAR-1-induced GRO/CINC-1 release is mainly mediated by PKC/JNK2 and PI3K/JNK3. However, PAR-2-induced GRO/CINC-1 release is mainly mediated by JNK1 activation.
Therefore our results indicate for the first time that JNK mediates chemokine GRO/CINC-1 release in a JNK isoform-dependent fashion in astrocytes and invokes PAR subtype-dependent mechanisms. The results presented here provide novel functional insights into the physiological role of different JNK isoforms in astrocytes.
Physiological significance of PAR-1 and PAR-2 signalling in brain
In addition to unravelling the biochemical mechanism of PAR/ JNK subtype-specific activation and the signalling pathways to chemokine release, we further aimed at shedding light on the pathophysiological significance of these results. Brain injury, such as trauma, Alzheimer's disease, Parkinson's disease and ischaemia/stroke, has been reported to induce accumulation of the apoptotic mediator ceramide in neural astrocytes, which causes neural cell death [40] [41] [42] [43] . On the other hand, brain injury might also increase the serine proteinases thrombin, tryptase or p22 levels in the brain tissue [3, 5, 9, 44, 45] . Subsequently, increased levels of proteinases cause activation of PAR-1, PAR-2, or both receptors simultaneously. Thrombin at low concentrations has been reported to prevent neural cell death in ischaemic and traumatic brain injury by activating its receptor PAR-1 [5] . The protective effect of PAR-2 in brain has not received much attention for a long time.
Although recently a few reports appeared showing that PAR-2 might prevent neural cell death during HIV infection and acute focal ischaemic brain injury [46, 47] , but the protective action of PAR-2 is still poorly understood. In this context, our results here are of high significance showing that activation of PAR-2, as well as PAR-1, rescued neural cells from ceramide-induced cell death by regulating chemokine GRO/CINC-1 release (Figure 10) . Possibly, these protective actions only occur at the early state after mild brain injury, since we found that the protection by PAR-1 and PAR-2 after C 2 -ceramide treatment was decreased after 24 h compared with that at 5-10 h (results not shown). Therefore, here we provide a new mechanism that is likely to explain the protective action of low concentrations of thrombin after brain injury. Moreover, our results suggest that, besides the PAR-1 signal, the PAR-2 signalling pathway could be an additional protective pathway in brain. These results provide important implications for our understanding of the protective role of PARs.
